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Abstract: Particle size distribution (PSD) describes the relationship between particle concentration and particle size, 
influencing marine ecosystem environment, the optical properties of sea water, and so on. Based on the in-situ profiles of 
biological and optical properties during summer 2016 in the South China Sea basin, characterization of PSD was studied. The 
power-law model was fit to describe the PSD, and the results indicated that the mean coefficient of determination between 
in-situ PSD and simulated PSD could reach 0.95 in the logarithmic space. The PSD slope (ξ) ranged in [1.27, 7.65] with a 
mean of 3.93±0.56. The mean of ξ in the surface water of the South China Sea basin was similar to the mean of ξ in global 
ocean surface water, but higher than that in the surface water of other areas such as the bay. There was a strong negative 
relationship between ξ and the mean diameter (DA). Taking section T1 as an example, we analyzed the mean PSD profile of 
these stations. The features of PSD profiles are as follows. 1) At the surface, there were high values of ξ with low values of DA 
because the dominate particle was pico-phytoplankton. 2) The minimum value of ξ appeared in the subsurface chlorophyll 
maximum layer (SCML) with higher DA, which may result from the higher proportion of big phytoplankton. 3) In the twilight 
layer, the values of ξ as well as the values of DA were between those at the surface and in the SCML. This phenomenon may be 
related to the process of flocculation, decomposition, and settlement of phytoplankton. The traits of PSD would influence the 
inherent optical properties (IOP) of seawater. We found that both particulate beam scattering coefficient at 532 nm (bp(532)) 
and particulate beam backscattering coefficient at 532 nm (bbp(532)) would be higher in the SCML because of the increasing 
chlorophyll-a concentration. However, the lowest mean bp(532) and the lowest mean bbp(532) were found in the twilight layer. 
Furthermore, although the relationship between ξ and the particulate beam attenuation sepctral slope was weak, the model of 
Boss et al. (2001b) is suitable for estimating the regional range and mean value of ξ roughly. 
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Fig. 1  The optical survey stations in the South China Sea 
basin during summer 2016 
 
1.1  颗粒物体积浓度的测量 
????? PSD ???? Sequoia Scientific, 
Inc.??? LISST-100X Type B ?????(Laser 
In-Situ Scattering and Transmissometry) (Sequoia 
Scientific, Inc, 2013)?????LISST-100X???
???????????(0.08°~15°)??????
?? PSD ???????? 32 ????????
????????? 32 ???????????
?(LISST-100X Particle Size Analyzer, User’s Manual 
Version 5.0), ?????? Mie ????????
????? 32 ???????????? 32 ??
?????????, V(D), ??? ppm(? μl L–1) 
(Agrawal et al, 2000; Boss et al, 2009; Qiu et al, 
2016)??????????? 1.25~250μm, 32??
?????? 0.23? 38.15μm????, ????
????????? 1.18 ?(LISST-100X Particle 
Size Analyzer, User’s Manual Version 5.0)?????
?????????(D), ??? μm, ?????
??????????????????????
? Milli-Q???? LISST???????? 
1.2  现场生物光学数据 
??????????? atw????? ctw
? WetLabs ???????? /?????
(Absorption and Attenuation Meter, ACS)???? , 
????: 2016?????????????????? 77 
 
?????? 401~747nm, ? 86 ??? , ???
???? 4nm???????????? Milli-Q
???? ACS ???????????????
?????????? , ??????? CTD ?
???????(Sullivan et al, 2006)??????
????????? , ??? 716nm ?????
?????????????????????




??? bp?  
??????????? HOBILab ????
??????(Hydroscat-6, HS-6)????, ???
?? 420?442?488?532?590 ? 676nm????
???????? Hydroscat-6 ?????
(Maffione et al, 1997), ?? ACS????????
???????? sigma??? 
??????? a ??(Chl a)???????
???? , ?????? : ???? , ????
25mm, ?? 0.7μm? Whatman GF/F??????
??(0.5~1L)??? , ????????? ; ??
???? , ?? Turner-Design 10 ??????  
Chl a, ??????? Parsons(1984)? 
1.3  剖面 Chl a的吸收基线高度推算方法 
?? Chl a??? 676nm?????????
??? (Roesler et al, 2013), ???? 650nm, 
676nm? 700nm?????????? 676nm??















???????? aLH(676)?????? Chl a
?????????????(Boss et al, 2013), ?
???????????(? 2??)? 
CHLLH=7.67×aLH (676)0.59          (2) 
??????? (R2)? 0.46, ?????
(RMSE)? 0.085mg·m3????????????
(??(2))?????? a ????????, ??
? CHLLH? 
1.4  南海海盆 PSD的拟合方法与平均直径的计算 
??? PSD ?????????(Bader, 1970; 
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???? ξ??? 8? LISST?????????
??????????, ? 4876?? 
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Fig. 2  The power-law relationship between the line height 
absorption at 676 nm (aLH(676)) and in-situ Chl-a. The 




??????????, ? N(D)obs? N(D)mod??
???????? (Mean Absolute Percent Error, 





( ) ( )1MAPE 100%
( )
  ni N D N Dn N D ,   (4) 
?? n ???????MAPE ??? N(D)obs ?
N(D)mod ??????????, ???????
???????????? 
78 ? ? ? ? ? ? Vol. 37, No. 5 / Sep., 2018 
?????????????, N(D)? V(D)?
???(Xi et al., 2014):  
3
( )( ) 6 π
V DN D
D
,             (5) 
? i ????????????? ACi????
(Neukermans et al, 2012; Wang et al, 2016a, 2016b):  
3AC ( )
2
i iV DD ,            (6) 






  i ii DD ,           (7) 
?? LISST???????????????
?, ????? 2? 31???? ACi??????
?????? AC (Neukermans et al, 2012; Wang et 
al, 2016a, b)? 
1.5  衰减光谱斜率与颗粒物折射率的计算 
??????? cp(λ)=ctw(λ)ag(λ), ?? ag(λ)
??????????????, ?? Lin?(2014)
?????? atw(λ)????? 
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(9) 
??, bbp(532)?532nm???????????, bp(532)
? 532nm?????????, bpb =bbp(532)/bp(532)? 
1.6  真光层深度的计算与水体分层 
????????????, ???????
? (2002)?????????????????
Chl a???????????, ????:  
zeu=35×Chl asurf0.35,          (10) 
??, zeu??????, ???m, Chl asurf????
? Chl a, ??? mg·m3? 
???? zeu????????, ??????
? ζ, ???????:  




,               (11) 
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???????? PSD??????????
??, ????? ζ????????(Surface)??
??????????? (Subsurface Chlorophyll 
Maximum Layer, SCML)????(Twilight Layer), 
?????? 1????????????? 36m? 
表 1  分层标准 
Tab. 1  The standard of water stratification 
ζ??? ?? 
?? 0.5 ?? 
[0.5, 1.3] SCML 
?? 1.3 ??? 
2  ????? 
2.1  幂律模型对南海海盆 PSD的适用性 
??PSD????????(??(3))?????
????????? , ???????????
N(D)obs?N(D)mod? R2????[0.42, 0.99], ???
? 0.95±0.06, 84.23%? R2?? 0.9(????? 4876
?)?N(D)obs? N(D)mod????????RMSE?
0.96?????????????????? PSD?
???????(?? 3a ??), ?????SCML ?
???? , ????????????????
PSD???????????? PSD ??, ????
PSD ??? 10μm ???????, SCML ????
100μm????????, ?????? PSD???
???????????????, ?? 10μm ??




? MAPE ?????? 28.94%~618.14%, ??
13.79μm????????????MAPE????
MAPE ?????????????? MAPE ??, 
????MAPE??, SCML????MAPE????
??? PSD????? 10μm????????, ?
???????????????? , ??
11.7~85.2μm??MAPE??????, ? SCML?, 
????????????? 100μm ??????
??, ??? 11.7~85.2μm??MAPE??? 
2.2  PSD和生物光学参量的统计特征 
? 4a??? 4876??? ξ???????, ?
????? ξ ??????[1.27, 7.65], ???
3.93±0.56, ????? 14.15%???? ξ???? 
????: 2016?????????????????? 79 
 
 
? 3  ???????????? PSD????????(a)??????????(MAPE?%)?????????(b) 
Fig. 3  The modeling performance of PSD in the South China Sea basin using the power-law model (a) and mean absolute 
percent errors (MAPE,%) in the modeled PSD (b) for total dataset and three water layers 
 
????, 98.89%? ξ???[2.5, 5.5]??? 2??, 
???SCML ???? ξ ????????[2.65, 
6.88]?[1.27, 7.65]?[2.67, 4.90]???? 4b???
? ξ???????????????, ?? ξ??
?????, ??????; SCML? ξ?????
??, ?????; ????? ξ ???????, 
?????, ???????? ξ ???????
??????, ???????????????
? ξ ?? Kostadinov ?(2009)?????????
????? ξ???, ???????(3.64±0.38)?
????(3.63±0.40) ?????????? ξ ?
(Xi et al, 2014; Qiu et al, 2016)?????????




?, ? ξ???; ?????????????, ?
ξ?????????, ????????????, 




??? R2??? 0.73, ??? ξ ?????? DA
??????, ??????????????; ?
????? DA???? 10μm, ????????; 
? SCML ?, ?? 10μm ???????????
?, ??? DA???, ????????????
?? ξ?? DA????, ???????????
??????????(Qiu et al, 2016)?????
????????? ξ??, ??? DA?????
?????? 
? 3??? DA?CHLLH? pn ?????(??




? 4  ?????? ξ??????(a)?????? ξ?
????(b)??? ξ?? DA???(c) 
? a??????????????b??? ξ??????(N=881), 
SCML ? ξ ??????(N=1422), ???? ξ ??????
(N=2573)?? c??????????????? ξ?? DA??? 
Fig. 4  Distribution of total ξ (a), distributions of ξ in three 
water layers (b) and the relationship between total ξ and DA (c). 
(a) The black curve is the Gaussian fitting curve. (b) The black 
curve represents ξ in the surface layer (N=881). The blue curve 
represents ξ in the SCML (N=1422). The red curve represents ξ 
in the twilight layer (N=2573). (c) The black curve represents 
the power-law fitting curve of ξ and DA 
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表 2  不同海区的 ξ 值分布情况 
Tab. 2  Ranges of ξ in different regions 
??   ξ ????? ξ ????(±??) ????  
????  ??  2.84~4.46 3.63(±0.40) Xi et al, 2014 
????  ??  2.72~4.46 3.64(±0.38) Qiu et al, 2016 
????????????????  ??  2.7~4.7 3.63 Buonassissi et al, 2010 
????(????) ??  3.04~5.99 4.22(±0.59) Kostadinov et al., 2009 
????  
??  2.65~6.88 4.54(±0.62) 
??  SCML 1.27~7.65 3.57(±0.55) ???  2.67~4.90 3.92(±0.30) 
??  1.27~7.65 3.93(±0.56) 
表 3  DA、CHLLH、 pn 及固有光学参数的分布范围统计表 
Tab. 3  The statistical table of distributions of DA, CHLLH, pn , and inherent optical parameters 
?? ??  ?? ??? ??? ??? ??? ???? 
DA μm 
?? 881 7.78 123.56 3.23 9.56 122.89 
SCML 1422 25.97 166.07 3.23 24.34 93.72 
??? 2573 14.36 111.10 7.22 9.03 62.91 
?? 4876 16.56 166.07 3.23 16.57 100.07 
CHLLH mg·m3 
?? 647 0.17 0.32 0.03 0.06 35.71 
SCML 1289 0.26 0.44 0.11 0.06 24.63 
??? 730 0.15 0.33 0.02 0.05 36.38 
?? 2666 0.21 0.44 0.02 0.08 37.6 
pn  ? 
?? 621 1.01 1.05 1.002 0.009 0.87 
SCML 1282 1.03 1.16 1.005 0.024 2.34 
??? 639 1.06 1.22 1.004 0.044 4.13 
?? 2542 1.03 1.22 1.002 0.033 3.2 
cp(530) m1 
?? 647 0.24 0.41 0.059 0.078 32.02 
SCML 1289 0.20 0.45 3.46×103 0.084 41.92 
??? 730 0.08 0.19 5.36×104 0.046 59.01 
?? 2666 0.18 0.45 5.36×104 0.098 54.88 
γ ? ?? 585 0.86 1.13 0.39 0.12 14.14 
bp(532) m1 
?? 647 0.24 0.41 0.062 0.078 32.17 
SCML 1289 0.20 0.45 6.15×103 0.084 41.85 
??? 730 0.08 0.19 2.87×104 0.047 59.53 
?? 2666 0.18 0.45 2.87×104 0.097 54.86 
bbp(532) m1 
?? 928 6.37×104 1.13×103 3.8×104 8.84×105 13.88 
SCML 1427 6.59×104 1.08×103 3.45×104 1.17×104 17.67 
??? 2616 4.13×104 1.33×103 1.75×104 1.00×104 24.25 
?? 4971 5.25×104 1.33×103 1.75×104 1.57×104 29.95 
bp
b  ? 
?? 628 0.0031 0.01 0.0012 0.001 48.38 
SCML 1289 0.0042 0.11 0.0013 0.004 98.85 
??? 729 0.0148 0.56 0.0022 0.038 260.28 






?????????? , DA ???? 16.56± 
16.57μm, ????? 3.23~166.07μm??????
DA?????, SCML? DA??????????, 
? SCML ?, ????????, ???????
??????, ???? DA??????? 
???????????????????
??? , ????????????????
(Wang et al, 2008)?????? CHLLH ????
0.17±0.06mg·m3, ?????????????
?, ????? CHLLH???????, ?? 0.21 
±0.08mg·m3?SCML? CHLLH?????, ? 0.26 
????: 2016?????????????????? 81 
 





????? 1.02~1.08 ??, ?????????
??????? 1.10(?? ?, 2007, 2010)???, 
???????????? pn ????????
????????????????? SCML??
????????? 1.08 ? pn ?, ??????
??????? SCML ?????, pn ?? 1.08
???????? 94.46%?72.3%, ?? 1.08??
??????????????????????
?? , ??????????????????
SCML, ?????????? ; ?? , ????
???????????????????? 
PSD ?????????????????
????? bp(532)?bbp(532)? bpb ???????
[2.87×104, 0.45]m1?[ 1.75×104, 1.33×103]m1?
[0.0012, 0.56]???????, bp(532)?????
????, ??????????? SCML ??
bbp(532)?????, ??????? bpb ????




????, ?????T1??, ??? ξ?DA?CHLLH?
bbp(532)?bp(532)????? θ??????(? 5)? 
 
? 5  T1?????????????????????? 
a. CHLLH; b. ????; c. ξ; d. DA; e. bbp(532); f. bp(532)?????????? CHLLH ????????? 
Fig. 5  The vertical profiles of bio-optical and hydrological parameters along section T1. a) CHLLH; b) potential density;  
c) ξ; d) DA; e) bbp(532); f) bp(532). The white solid line represents the depth of maximum CHLLH  
 
?? 5??, T1?????????????
????? CHLLH ???(? 5a), ??????
(? 5b)??? ζ???????????????
? CHLLH????? ζ????????? SCML
?, PSD? ξ????????????????
??(? 5c); ??? DA?(? 5d)???????
???? ; ???? bbp(532)(? 5e)? bp(532)(?
5f)? SCML ??????????????, ?
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bbp(532)? bp(532)?????? ζ?? SCML??
?????? 
??????????????????? , 
???? 1000m??? 5 ??? T1 ??????, 
?????????????, ????????
??????? , ?? Chl a ????(??  ? , 






? SCML?, ξ?????, DA?? CHLLH??
????????, ?????????????
???????????? SCML??, ?? Chl a
??, ???? bp(532)? bbp(532)???????
???bbp(532)? CHLLH???????? 0.3? ζ
???????? , bp(532)? CHLLH ?????
0.3~0.4? ζ?????????? 532nm????
????????????????????? ; 
??, bp(532)???????????? 532nm ?
??????????????????????
????????????????(Fennel et al, 






?????????????? Chl a ?????
??????, ???? CHLLH????????
??????(Fennel et al, 2003; ??? ?, 2006; 
??? ?, 2013)??? ζ???, ???????
?? , ?????????????????? , 
????? Chl a ??????????????









? 6 ?????????? 26 ??????? ξ?
DA?? CHLLH??????????? 6 ??, ?
???????????? CHLLH??? SCML ?
?????, ????????????, ????
??????????????(?? ?, 2010; ?
?? ?, 2013; ?? ?, 2016)??? DA?????
?????CHLLH????????, ??? ξ??
???????DA??CHLLH?????????
?, ??? CHLLH????? DA??????? ζ
?, ? ξ ?????????????????, ?
SCML ????, ????? CHLLH ??????
????? CHLLH???, ?????? DA???
???????????, ????? ξ?????
??????????? 6 ??????? ξ ? DA
????????? T1 ?????????(? 5)
??, ?????? T1 ???????????
PSD??????????????????? 
 
? 6  ???? DA?ξ? CHLLH????? 
? 0.1? ζ??? ξ???? 
Fig. 6  The mean vertical profiles of DA, ξ, and CHLLH in 
the South China Sea basin. The standard deviation of ξ is 
displayed for every 0.1 ζ 
2.4 γ与 ξ之间关系的探讨 
?? Mie ??????, ?????????
?????????, ????? PSD ?????
?(? Junge ? power-law ??), ? ξ ? γ ????
ξ=γ+3?????(Diehl et al, 1980)?Boss?(2001b)
??????????????????????
???? ξ=γ+30.5exp(6γ), ???? ξ>3 ?, ?
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? 7a?????? ξ? γ??????, ??
??????????????, ξ?? γ????




?????? ,  ???????????
y=0.99x+2.77, ???????? Diehl ?(1980)
? Boss ?(2001b)??????, ??? R2 ??
0.09??????????????, ?????
???????????????? ξ? γ??? 
???????????????????? 
? 7b ????? PSD ??? ξ ? Boss ?
(2001b)?? ξ=γ+30.5exp(6γ)??? ξ ????
????????????? ξ??????[3.35, 
4.13], ??????????? PSD??? ξ??
???[2.91, 4.98]; ??, ????? ξ ????
3.86±0.13, ???? ξ???????(3.62±0.40), 
???????? 6%?????, ???? Boss 
?(2001b)??? γ ?? ξ, ??????????
???????? , ????????????
???????, ?????, ????? PSD?
??????????????? 
 
? 7  γ? ξ???(a)??????? ξ?????(b) 
?????????????: (1) PSD? cp(λ)?????? R2?? 0.9; (2) ξ?[2.5, 5]?, pn ?[1.02, 1.2]??? b? ξ?????
?? ξ=γ+30.5exp(6γ) 
Fig. 7  Relationship between γ and ξ (a), and the distribution of in-situ ξ and modeled ξ (b). The selected data should 
match the following conditions: (1) PSD and cp(λ) power-law function fitting R2 are both greater than 0.9; (2) the range of ξ 
is [2.5, 5], and the range of pn is [1.02, 1.2]. The model of ξ is ξ=γ+30.5exp(6γ) 
 
3  ?? 
????????????????? PSD, 
?????????????, 84.23%? N(D)obs
? N(D)mod ? R2 ?? 0.9?ξ ??????[1.27, 
7.65], ??? 3.93±0.56, ?? 98.89% ? ξ ?[2.5, 









??????? : 1)??? ξ ??? , DA ?? , 
CHLLH??, ????????????????
?????????????2)SCML?????
??????, ξ ??????, DA??????
?, ????? SCML????????????
??, ????????, ??????????
?; ????? CHLLH???, bbp(532)? bp(532)
????????????3)????? CHLLH
????, ξ???????????? ξ?, DA?
?????????? DA ?, ????????
??????????????????????
???????, bbp(532)? bp(532)??????? 
???? ξ = γ+30.5exp(6γ)??? ξ?, ?
???????????????? ; ????
????, ???????????, ??? ξ ?
?????? ξ ?????; ??, ??????
?????? PSD?????? 
????????????? , ?????
???????????? PSD ?????? , 
?????????????, ???? PSD ?
????????? 
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